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The development of the scientific principles of technology for conductive carbon black (CCB) production, which is of current and long-term concern, demanded a study of the influence of certain process parameters of CCB production on the physicochemical properties of the carbon black, including its electrical resistivity. Figure 1 shows the temperature-time profile, optimised by the design method described by Razd'yakonova and Surovikin [3] , for the process of CCB production. The numerals 1 to 4 in Figure 1 mark the time of completion of each stage of the process, and the lower and upper curves delimit the temperatures of the process at its different stages.
At stage 1, a flow of hydrocarbon raw material is fed axially into the reaction channel, into the flow of products of complete combustion of fuel (natural gas), and between them, coaxially, flows of high-pressure air are fed. This creates conditions for preliminary pyrolysis of the hydrocarbons, with the formation of spheroidal fullerene-like particles -nuclei of primary globular particles of carbon black. In a period of the order of 0.008 s, thermal breakdown of the raw material in the combustion products of the fuel takes place, with the simultaneous formation of nuclei and growth of particles of disperse carbon, and, when they collide, crosslinked primary aggregates of CCB -three-dimensional structures consisting of tens and hundreds of globules.
At stage 2, an oxygen-containing gas is fed into the reactor for thermo-oxidative treatment of the CCB particles formed. At a temperature of 1500-1550°C, for 0.5-0.8 s, burn-up of disordered carbon (gasification) and increase in the electrical conductivity of the CCB occur. Here, the reaction products remain in the reaction chamber for a certain time, and some of the CCB is gasified.
At stage 3, to stop CCB gasification, the aerosol particles are cooled with water to a temperature in the 1100-800°C range. The CCB aggregates obtained at exit from the reactor are immediately oxidised. At a temperature of 800°C, it is chiefly thermally stable functional groups, such as quinone groups, that are present on their surface.
At stage 4, the aerosol of CCB aggregates enters the quenching zone, at the exit from which its temperature is lowered to values in the 700-600°C range. At this stage, the formation of phenolic groups on its surface is possible.
The subsequent key stages of the process of CCB production include the separation of aerosol particles from the flow of outgoing gas. At a temperature of about 300°C, the formation of carboxyl functional groups on their surface is possible. The CCB particles separated from the aerosol are then subjected to purification to remove coarsely disperse particles, and they are pelletised. These stages hardly differ from the base technology for producing active grades of carbon black, for example N220 [1] . The CCB product comprises black or silvery black pellets of pseudospherical shape.
At each stage of synthesis, the properties of the raw material, the composition and ratio of the components of the gaseous medium, and the process conditions have a great influence.
A characteristic feature of CCB production is a reduction by several factors (by comparison with normal carbon black) in the H/C atomic ratio of the raw material ( Figure 2 ).
To establish the process parameters affecting the volume resistivity of the powder and the porous structure of the CBB (the volume of micropores in the carbon globules), carbon black specimens were synthesised in the temperature range shown in Figure 1a in an experimental reactor in the Experimental Technologies department of the Institute of Hydrocarbon Processing Problems (IHPP). Specimens of CCB were produced in accordance with the classification system [4] from a mixture of byproduct-coking and petroleum raw material with a correlation index of 140-160 units. The IHPPdeveloped production process ensured the production of various classifications of conductive carbon black with the characteristics presented in Table 1 and in Figure 3 . It can be seen that the various CCBs produced by the developed technology differ considerably.
It is important to point out the high particle size uniformity of the globular CCB particles produced by the developed technology. The differential curves of [6] the particle size distribution have a symmetrical form, which indicates the absence of secondary processes (for example, the complete burn-up of particles of certain size), and lie in the same size range, from 5 to 50 nm, with a considerable preponderance of primary globules with a size of 18-35 nm ( Figure 4) .
As pointed out, at stage 3, through the interaction of CCB particles with CO 2 and H 2 O, oxygen-containing groups are formed on their surface, a number of which are thermodynamically unstable and decompose to form carbon oxides. Here, on the surface of the particles, micropores are formed (in accordance with the IUPAC classification) [7] with a size (width or diameter) of less than 2.0 nm ( Table 1 ). The CCB also has macro-and mesopores with a size ranging from 2 to 50 nm [8] .
However, such gasification not only changes the volume of the micropores but also reduces the CCB yield, i.e. lowers the economic indices of the process. To establish the degree of gasification that is sufficient for achieving the specified values of electrical resistivity of the powder of the product, a model experiment was conducted -the gasification of a carbon black specimen of grade N220 with its air oxidation in a stationary bed at 300°C for different times (up to 50 h). The choice of this grade of carbon black for the modelling of oxidative transformations of CCB during its thermo-oxidative treatment in a reactor was governed by the similarity of the conditions of their production ( Figure 1 ) and the compatibility of the average size of their globules (Figure 4) . From the data in Figure 5 , where the results of the experiment are shown, it can be seen that the greatest changes in volume of the micropores occur up to a 10% weight loss of carbon.
From the experimentally established values of the volume of micropores of CCB it is possible to determine the weight losses during oxidation. Thus, the volume of micropores V micro = 51 cm 3 /kg of a carbon black specimen of grade N472 ( Table 2 ) corresponds to 8.9% weight loss. The weight losses during oxidation of P267-E amount to 8.5%. The similarity of the weight loss values during oxidation and the electrical resistivity of CCB powders (see Table 1 ) is governed by their identical production technology. The obtained dependence of the volume of micropores on the weight loss during the oxidation of carbon black can be used in practice for predicting the CCB yield.
Another important property of CCB is the absence of impurity elements in its composition. In practice, the chemical purity of products is characterised by their content of mineral impurities (ash content). The elemental composition of the P267-E specimen with an ash content of 0.2% is shown in Table 2 . Data were obtained in the Giredmet (Moscow) mass spectrometry laboratory by atomic emission spectroscopy with an arc source of sample atom excitation with the aid of a JMS-01 BM-2 From Table 2 it can be seen that sulphur is present in the CCB specimen. Its sources are usually the hydrocarbon raw material, the fuel, and the process water (sulphate ions). Likewise, calcium, iron, magnesium, and sodium are transferred from process water to CCB. The source of silicon and aluminium entering the CCB is the refractory lining brick of the reactor, which breaks down as a result of gas corrosion and heat ageing. The given sources of contamination of the product may be partially eliminated in CCB synthesis technology by using a non-sulphurous raw material and chemically purified water.
Another impurity component of CCB is oxygen, which is present in the form of oxygen-containing groups. Their composition is finally formed at exit from the reactor in the quenching chamber.
At a temperature of 800°C, at which carboxyl and phenolic functional groups are removed from the surface of the CCB while quinone groups remain, its volume resistivity r v decreases sharply [9] (Figure 6 ). The overall concentration of protogenic functional groups on the carbon surface that corresponds to this amounts to 0.07 µg-equ/m 2 . With allowance for a molecular area of oxygen of 0.145 nm 2 [10] , this concentration corresponds to ~10% coating of the surface of the CCB. This means that a reduction in temperature in the quenching zone below 800°C will lead to a considerable loss of electrical conductivity of the CCB.
Thus, the electrical conductivity of CCB can be increased by using chemically purified water in the synthesis technology and by maintaining a temperature in the quenching zone of at least 800°C. The obtained experimental dependence of a parameter of the nanostructure -the pore diameter -on the weight loss during oxidation of the carbon black can be used for predicting the product yield.
In conclusion, it can be noted that the main problem in developing technology for CCB production is the impossibility of using for this purpose the production process and equipment currently available at the enterprise, which produces carbon black for rubber according to GOST 7885-86.
On the whole, the technology developed at the IHPP for producing CCB ensures the manufacture of many different classifications of conductive carbon black with different levels of specific surface, degree of structure, volume resistivity, and particularly nanostructure, and can be used in the creation of even more conductive CCB grades.
